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The RNA World of the Nucleolus:
Two Major Families of Small RNAs Defined
by Different Box Elements with Related Functions
Andrey G. Balakin, Laurie Smith, are also known to share a common protein, POP1 (Lyg-
erou et al., 1994). Together, these observations suggestand Maurille J. Fournier
that MRP RNA catalyzes an RNA cleavage reaction simi-Department of Biochemistry and Molecular Biology
lar to RNase P. This view has been strengthened by aUniversity of Massachusetts
recent demonstration showing that an MRP RNP fromAmherst, Massachusetts 01003
yeast cleaves precursor rRNA in vitro (Lygerou et al.,
1996) at a processing site known to require MRP RNA
in vivo (Schmitt and Clayton, 1993; Chu et al., 1994).
Summary Other snoRNAs may be discovered eventually to have
direct roles in pre-rRNA processing, but it seems highly
We have discovered that all known yeast and verte- unlikely that such species will account for more than a
brate small nucleolar RNAs (snoRNAs), except for the small fraction of the total snoRNA population. Some of
MRP/7–2 RNA, fall into two major classes. One class the other snoRNAs required for processing may turn out
is defined by conserved boxes C and D and the other to have hydrolytic roles, but noncleaving functions in a
by a novel element: a consensus ACA triplet positioned pre-rRNA “processome” complex are more likely (Max-
3 nt before the39 end of the RNA. A role for the ACA box well and Fournier, 1995).
in snoRNA stability has beenestablished by mutational Many snoRNAs contain twoof five sequence elements
analysis of a yeast ACA snoRNA (snR11). Full function conserved in the ubiquitous U3 snoRNA. snoRNAs con-
of the box depends on the integrity of an adjacent taining these elements are referred to as box C/D sno-
upstream stem. All members of the yeast ACA family RNAs (Maxwell and Fournier, 1995; Kiss-La´szlo´ et al.,
are associated with the GAR1 protein. Binding of this 1996; Nicoloso et al., 1996; this study). U3 homologs
or another common small nucleolar ribonucleoprotein actually have two box C–like elements, box C and C’,
particle protein is predicted to be a critical entry point which contain similar, but not identical, sequence mo-
to snoRNA posttranscriptional life, including precise tifs. The box C of U3 is specific to this snoRNA, whereas
formation of the snoRNA 39 end. the more recently defined box C’ (Tycowski et al., 1993)
is clearly related structurally and functionally (D. Samar-
sky and M. J. F., unpublished data) to the box C element
Introduction that always appears jointly with box D in all of the other
box C/D snoRNAs. (Note: in the present study,all discus-
Eukaryotic organisms are predicted to contain over 100 sion about the box C/D motif refers to boxes C’ and D
small nucleolar RNAs (snoRNAs; Maxwell and Fournier, in U3 and boxes C and D in all other snoRNAs in this
1995; Kiss-La´szlo´ et al., 1996; Nicoloso et al., 1996; family. The properties of the U3-specific box C will not
this study). Because of their location, all snoRNAs are be considered, to avoid confusion).
expected to function in ribosome synthesis in some The box C and D elements are essential for accumula-
manner. Consistent with this expectation, several sno- tion of yeast U14 snoRNA (Huang et al., 1992) and, with
RNAs have been shown to be required for rRNA pro- an adjoining helical stem, have been implicated in pro-
cessing, and a large set is involved in ribose methylation cessing of precursors to U14 and other snoRNAs (Max-
of rRNA (reviewed by Eichler and Craig, 1994; Maxwell well and Fournier, 1995; see also Discussion). Using
and Fournier, 1995; Venema and Tollervey, 1995; see Xenopus oocytes to assess function, boxes C and D
also Kiss-La´szlo´ et al., 1996, Nicoloso et al., 1996; J. Ni, have been found to be crucial for snoRNA stability (U8;
A. G. B., and M. J. F., unpublished data). However, many Peculis and Steitz, 1994), and box D has been reported
other snoRNAs known have yet to be linked to any pro- to have roles in snoRNA nuclear retention, 59 cap hyper-
cess, making it likely that additional roles in ribosome methylation, and stability (U3, U8, and U14; Terns et al.,
biogenesis will be discovered. snoRNA populations are 1995). Based on these and other studies, a common
heterogeneous in size, structural motifs, and protein maturation pathway has been postulated for all box C/D
associations, and this diversity is consistent with the snoRNAs, most of which are derived from introns (Terns
fact that snoRNAs have different roles and are produced et al., 1995). All box C/D RNAs are associated with the
by different biosynthetic schemes. In this last regard, abundant nucleolar protein fibrillarin; however, it is not
snoRNAs are encoded by independent genes and within known if the box elements play a direct role in binding.
introns of protein genes; the latter species aregenerated A group of three box C/D snoRNAs have been tied to
by processing of pre-mRNA transcripts (Maxwell and rRNA processing, the evolutionarily conserved U3 and
Fournier, 1995). U14 and mammalian U8 (Maxwell and Fournier, 1995).
One snoRNA, the phylogenetically conserved mito- Recently, the majority of the other box C/D snoRNAs
chondrial RNA processing (MRP)/7–2 species, has has been implicated in rRNA ribose methylation (Kiss-
strong structural similarities to the RNA component of La´szlo´ et al., 1996; Nicoloso et al., 1996; J. Ni, A. G. B.,
RNase P (Forster and Altman, 1991; Schmitt et al., 1993). and M. J. F., unpublished data). The mode of action of
Immunoprecipitation results indicate that mammalian the U3, U14, and U8 species is still obscure, whereas the
ribonucleoprotein (RNP)complexes containing theMRP/ snoRNAs involved in methylation are known to provide
7–2 and RNase P RNAs have a common protein antigen sequence specificity for this process. The latter sno-
RNAs target the rRNA segments to be modified through(Gold et al., 1988). The yeast MRP and RNase P RNAs
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interaction of long complementary sequences. The pre-
viously described box D or a variant, box D’, is located
immediately downstream of the complementary se-
quence and functions in selection of the rRNA nucleo-
side to be methylated (Kiss-La´szlo´ et al., 1996; Nicoloso
et al., 1996; J. Ni, A. G. B., and M. J. F., unpublished
data). Thus, in addition to its role in snoRNA/snoRNP
maturation, box D is directly involved in snoRNA func-
tion; box D’ appears to be required for snoRNA methyla-
tion activity.
Many snoRNAs do not contain the box C and D ele-
ments. The MRP/7–2 RNA lacks these elements, as do
a substantial number of other snoRNAs in both yeast
and vertebrates. Some of these RNAs do not appear to
be associated with fibrillarin (Kiss and Filipowicz, 1993;
Kiss et al., 1996), and none are structurally related to
the MRP or RNaseP RNAs; they also show little similarity
to each other. Most vertebrate snoRNAs lacking boxes
C and D are derived from introns of protein genes,
whereas in yeast, most but not all are transcribed inde-
pendently (Maxwell and Fournier, 1995; A. G. B., unpub-
lished data). A pair of intronic snoRNAs lacking box C/D
elements (U17 and U19) are known to be synthesized
by exonucleolytic processing of excised introns (Kiss
and Filipowicz, 1993; Kiss et al., 1996). But no specific
sequence elements controlling this process have been
proposed, in contrast to the intronic box C/D RNAs (Lev-
erette et al., 1992; Tycowski et al., 1993; Caffarelli et al.,
1996; Watkins et al., 1996). Some yeast nonbox C/D
snoRNAs are associated with common proteins, SSB1
and GAR1. In contrast to the vertebrate situation, such
RNAs are also associated with fibrillarin, as are all the
box C/D snoRNAs (Maxwell and Fournier, 1995; Venema
and Tollervey, 1995).
We report here the discovery of a novel conserved
box element present in all known yeast and vertebrate
snoRNAs that lack boxes C and D, except the MRP
RNA. This finding establishes the occurrence of a major
new class of snoRNAs, designated the ACA box family,
and provides new evidence of biosynthetic and func-
tional diversity among the snoRNAs.
Results Figure 1. Electrophoretic Fractionation of Yeast snoRNAs
RNAs were extracted from isolated nuclei and 39 end-labeled with
Yeast Contains At Least 20 snoRNAs [59-32P]pCp. A portion of the labeled RNA was precipitated with
with a Novel Box Element antibodies against TMG to obtain the TMG-capped species. Total
and TMG1 nuclear RNAs were separated in an 8% sequencing gel.The complexity of the population of small nucleolar
Higher resolution for longer RNAs was achieved by extending theRNAs from yeast was first indicated in studies by C.
time of electrophoresis. The regions of the gel from such a separa-Guthrie and coworkers, aimed at identifying homologs
tion are shown on the right ([A] and [B]). Both are for total nuclear
of the mammalian spliceosomal small nuclear RNAs RNA. The two patterns shown in (B) are for a wild-type strain
(snRNAs; Wise et al., 1983; Riedel et al., 1986). In addi- (SNR190) and a mutant strain lacking the snR190 snoRNA
tion to the splicing RNAs, many other snRNAs were also (snr190::TRP1). The position of each RNA except snR30 was estab-
lished by direct sequencing; the snR30 band was identified usingdetected. We and others have extended these studies
the individual RNA obtained by hybrid selection to a SNR30 plasmid.and shown that most of the nonsplicing snRNAs are
nucleolar. The heterogeneity of this population is shown
in Figure 1. This figure is a complete summary of our
cases, RNA was prepared from strains lacking one orsystematic fractionation and sequence analysis of yeast
two specific snoRNAs, so that species that normallysnoRNAs. Our characterization procedure involved,
comigrate with other snoRNAs could be resolved andfirst, isolation of yeast nuclei; second, extraction of nu-
isolated. Genetic tests for essentiality were performedclear RNA; third, labeling with [59-32P]pCp; and fourth,
for each novel snoRNA. At present, sequences arefractionation by high resolution gel electrophoresis. Indi-
knownfor 35different yeastsnoRNAs; 33snoRNA genesvidual snoRNAs were excised from the gel and se-
quenced either chemically or enzymatically. In some have been characterized genetically, about two thirds
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of these by our group (Maxwell and Fournier, 1995; analysis also revealed that the yeast ACA box–con-
taining RNAs have homogeneous 59 ends, includingA. G. B. and M. J. F., unpublished data). A group of
eleven novel snoRNAs from yeast is reported here both capped and uncapped species.
(snR11, snR13, snR37, snR42, snR43, snR44, snR45,
snR46, snR47, snR48, and snR49). Of these species, The ACA RNAs Are Phylogenetically Widespread
nine have been tested genetically and shown to be dis- and Represent the Second Largest Family
pensable; the essentiality of snR48 and snR49 has not of snoRNAs
been examined. Many of the yeast ACA snoRNAs were identified in ear-
Figure 1 identifies all but six of the species analyzed; lier studies. The fact that several vertebrate snoRNAs
the RNAs not indicated are U24, snR38, snR39, snR47, lack boxes C and D was established more recently (Ruff
snR48, and snR49. Fractionation of snRNAs precipitated et al., 1993; Kiss and Filipowicz, 1993; Kiss et al., 1996),
with antibodies specific for trimethylguanosine (TMG) after it became clear that a TMG cap was not a universal
showed that about two-thirds of the known snoRNAs feature of all nuclear small RNAs, and some of these
are TMG-capped. The uncapped snoRNAs include (from were purified and sequenced without using TMGor fibril-
top to bottom in Figure 1) MRP, snR44, snR43, snR46, larin immunoprecipitation as enrichment procedures. To
snR36, snR190, U14, and a few snoRNAs migrating be- date, five vertebrate snoRNAs lacking boxes C and D
tween 5S and tRNAs such as snR41, U18, and snR40. have been discovered. We have aligned the 39 terminal
Several additional snoRNAs of 80–100 nt without a TMG sequences of these RNAs and determined that they also
cap are also evident. A pair of the uncapped snoRNAs have a conserved ACA triplet at the same relative posi-
(U18 and snR44) originate from introns of protein genes tion as the yeast ACA snoRNAs. Thus, all known verte-
(A. G. B. et al., unpublished data). brate snoRNAs lacking boxes C and D arealso members
Of the 29 RNA species shown in Figure 1, nine contain of the newly defined ACA family (Table 1), with MRP
box C and box D (from top to bottom: U3, snR190, snR4, RNA once again the only exception. Our analysis of
snR45, U14, snR13, snR41, U18, snR40). Of the species vertebrate sequences included 13 variants of five sno-
not marked on the figure, five (U24, snR38, snR39, RNAs: E2, E3, U17 (also named E1), U19, and U23 (Ruff
snR47, and snR48) also contain these elements (Qu et et al., 1993; Kiss and Filipowicz, 1993; Kiss et al., 1996;
al., 1995; A. G. B. and J. Ni, unpublished data). Only L.-H. Qu, P. Ganot, and J.P. Bachellerie, unpublished
two box C/D species are essential, U3 and U14. The data); more sequence variants for these snoRNAs are
remaining 20 snoRNAs do not contain boxes C and D. available in the GenBank database.
One of these is essential (snR30), and one is associated These results strongly suggest that all snoRNAs from
with a cold-sensitive phenotype (snR10); both are in- yeast and vertebrates are represented by three distinct
volved in rRNA processing (Maxwell and Fournier, 1995; classes, and we predict that this division applies to other
Venema and Tollervey, 1995). eukaryotes as well. The MRP species defines a class
Our biochemical analysis of new yeast snoRNAs in- with only one member presently. The two other classes
cluded mapping of the 59 and 39 terminal nucleotides. correspond to the large families defined by boxes C and
In the course of this analysis, it was noted that nonbox D and the ACA box. All of the vertebrate ACA RNAs
C/D snoRNAs might contain a common sequence motif have been shown to be nucleolar (Ruff et al., 1993; Kiss
proximal to the 39 end. This prompted us to determine and Filipowicz, 1993; Kiss et al., 1996). Because all major
precisely the 39 ends of several snoRNAs and then ex- features of the vertebrate and yeast snoRNAs are
tend this analysis to all of the nonbox C/D species. In shared, it is reasonable to assume that each of the yeast
doing this we used two approaches: direct chemical ACA RNAs is also nucleolar. Consistent with this view,
sequencing and a ligase-mediated polymerase chain members of the ACA family in yeast are known to be
reaction (PCR)–based technique (see Experimental Pro- associated with nucleolar proteins, in particular fibril-
cedures). Both allow unambiguous determination of 39 larin, GAR1, and SSB1 (Schimmang et al., 1989; Girard
ends. The 39 ends of some RNAs initially characterized et al., 1992; Clark et al., 1991; see below).
by others turned out to be imprecisely determined, with
errors of 1–6 nt (snR5, snR9, snR30, snR189). Reexami-
The ACA Box and Upstream Sequencesnation of one snoRNA (snR4) showed it to be a box C/D
Are Required for Accumulationspecies. Alignment of the correct 39 ends of the nonbox
of Yeast snR11C/D snoRNAs revealed a common ACA triplet, in all
The conserved nature of the ACA box element arguescases located 3 nt before the 39 end of the mature RNA
that it is functionally important. Its presence in snoRNAs(Table 1). We have named this element the “ACA box.”
lacking boxes C and D suggested it might be functionallyA group of fifteen yeast snoRNAs share the ACA box
related to the box C/D elements and also required forand therefore represent a novel family of snoRNAs. A
snoRNA production. The similar positions of the ACAset of five additional snoRNAs with variants of this box
box and box D, close to the 39 end, strengthened thisis also included in our list, with justification provided by
idea. To test this hypothesis, we conducted a mutationalmutational results described below. Of these RNAs, four
analysis of the ACA box in a previously uncharacterizedcontain an AUA triplet 3 nt before the 39 end, and one
yeast snoRNA that is not required for growth, the snR11species has an AAA at the same position. At this time,
species. Mutations were created in a plasmid-encodedthe population of snoRNAs presently known for Sac-
SNR11 gene, and snoRNA synthesis was analyzed in acharomyces cerevisiae consists of 14 box C/D sno-
haploid strain lacking the SNR11 chromosomal allele.RNAs, 20 snoRNAs containing the ACA box, and the
MRP RNA, which does not belong to either family. Our The single-copy SNR11 gene specifies a TMG-capped
Cell
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Table 1. Comparison of 39 Sequences of Genes Encoding snoRNAs Lacking Boxes C and D
snoRNA 39 coding sequence/39 flanking sequence
Yeast snR3 AAGATGACTATATTT/TTTTTCTTTTTTTTT
snR5 TCTAGGTGTACATAT/CTTCACTTCATTACT
snR8 GCGAGTGAGATATCT/TTCATTCATTTATAT
snR9 GTCCTTCAGACATAC/TTTGAAAATATTTAG
snR10 ATTGATAATACAACT/ATATACATCATTATC
snR11 TCTTCACGCACATAC/CTTTTTTTTTTTTTC
snR30 ATACTGCAGACATCT/CTATAATTCACATAT
snR31 ATTCGTTCTACATTT/TAATTCTTTATGTAA
snR32 GCTGTATCTACATTT/TATTTATACATATTT
snR33 AGTGTGTGGACAATC/GATTTGCAAAACTTT
snR34 AGAAAGTCTACATTA/CTCATATATTTACGT
snR35 GTAGGACAGACATGC/TATTCTTATTTTGAC
snR36 GAACGTCTCATATCA/TATCGTATAATTCGG
snR37 CATGATAAGACAGTT/TATATTTTGTATACT
snR42 AGGTATGGAACATCT/TTCTTGATGGTTACT
snR43 GATGCCACTATATTT/CTATTCGTATTTATT
snR44 TTTTCCTCAAAATCT/CACTCTTAAAATTTT
snR46 TTCAATGACACATAC/TTCTTGTAGTAGGAA
snR49 AGGCGTGTAACATTT/ATTGGTTACAACATG
snR189 ACGGGCCTGACATCT/CTATCTATTCTTGTT
Vertebrates E2 ATTCTTGCTACAAGT/ATAACATTACTGCAT
E3(human) TGGTCTCATACATGT/TGATTAAAATTAAAT
E3(mouse) TGGTCTCAAACATGA/TTGAAATTAAATGTA
U17a/E1 ATGCAGGAAACAGCC/TTCTAGAGCACTGAA
U17b ATGCAGGAAACATAT/CTAGTATACTAGATT
U17XS8(a) ATGCAGGATACATTG/TTTAACCTTGTGTAT
U17XS8(b) ATGCAGGTTACATCT/TTTCAGCAAAGTAAT
U17XS8(c) ATGCGGGATACATTT/GATTTCTTGTGTTTC
U17XS8(d) ATGCAGGACACACAA/ATATTCTTACCAAGG
U17XS8(e) ATGCAGGATACATTA/CAAAACATTGCTAAA
U17XS8(f) ATGCAGGATACAGAC/CAATGTTCCAAAAAT
U19(human) TGGGTGCAAACAATT/TTTTTCTGTTTGCAG
U23(human) TATTGTGAGACATTC/TGGGGTTCAAGCTGT
All sequences, except for snR49 (A.G.B. and J. Ni, unpublished data), U19 (Kiss et al., 1996) and U23 (L.-H. Qu, P. Ganot, and J.P. Bachellerie,
unpublished data), are deposited in GenBank under the following accession numbers: K01091 (snR3), M20763 (snR5), M20764 (snR8), M20765
(snR9), X03372 (snR10), U16691 (snR11), X07673 (snR30), L22433 (snR31), L22434 (snR32), L22435 (snR33), L33802 (snR34), L33803 (snR35),
L33804 (snR36), U16693 (snR37), U56643 (snR42), U56644 (snR43), U56645 (snR44), U56647 (snR46), X06430 (snR189), L07383 (E2), L07384
(human E3), X56953 (mouse E3), L16791 (U17a/E1), L16792 (U17b), X71081 (U17XS8).
Figure 2. The Secondary Structure of Yeast snR11 snoRNA Consists of Five Stem Elements and Three Single-Stranded Regions
A computer-generated structure was modified with experimental data obtained from nuclease probing analysis. Arrows indicate sites suscepti-
ble to nuclease attack; the arrow size is roughly proportional to the extent of susceptibility. Circles mark guanosines inaccessible to RNase
T1. The ACA box located at the snoRNA 39 end is highlighted. The sequence in bold type at position 165 is a candidate 59 box element that
might function in concert with the ACA box. The stem structures are designated with roman numbers I–V.
The ACA Family of snoRNAs
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Figure 4. Effects of Point Mutations in the ACA Box and 59 Flanking
Nucleotide on snR11 Accumulation
Analysis was carried out in an snr11 haploid strain as described in
Figure 3. The strain was transformed by the following plasmids: lane
1, pRS316 cloning vector; lane 2, a plasmid with the wild-type SNR11
gene; lanes 3–14, plasmids with SNR11 point mutations. The top
Figure 3. Effects of Deletions within the SNR11 Gene on RNA Accu- row of letters corresponds to the wild-type sequence; the ACA box
mulation is marked by asterisks. Each arrow specifies a point mutation.
Effects were assessed by Northern hybridization analysis with
probes specific for snR11 and snR13. The level of snR13, a member
of the box C/D family, served as an internal control. RNAs were
that additional information must exist inside theexamined from the wild-type haploid strain (lane 3) and snr11 null
snoRNA. Effects obtained with three large internal dele-strain transformed with the test plasmids (lanes 1, 2, and 4–10).
tions also support this view. One of these (segment I,Lane 1, pRS316 cloning vector; lane 2, a plasmid with wild-type
SNR11 gene; lanes 4–10, plasmids with the following deletions in A66–U125) resulted in a shorter product that accumu-
the SNR11 gene: the ACA triplet (lane 5); sequences of 11 bp up- lated, but at a level substantially below that of wild-type
stream (lane 4) and downstream (lane 6) of the ACA box; the entire snR11 (Figure 3, lane 8). No accumulation was observed
39 flanking sequence and the last 3 nt of the coding sequence (lane with the second internal deletion (segment II, A126–
7); a 60 bp TaqI–ScaI internal fragment (segment I; lane 8); a 75 bp
G200), or when both segments I plus II were deletedScaI–BstYI internal fragment (segment II; lane 9); and a 135 bp
(A66–G200; Figure 3, lanes 9 and 10).TaqI–BstYI internal fragment (segments I plus II; lane 10).
AAA and AUA Can Function In Place of ACA
Deletion of the ACA sequence could, in principle, influ-RNA of 258 nt (Figure 2). This gene is predicted to be
transcribed by RNA polymerase II, as it has a TATA box ence the overall architecture of the RNA. To evaluate
this possibility and to test the importance of the ACAas part of a longer sequence (TATAAAGCGGT) that fits
a consensus reported earlier for both spliceosomal and sequence per se, we generated all possible point muta-
tions within a 4 nt segment that contains the ACA boxother (now nucleolar) yeast snRNAs (Parker et al., 1988).
Haploid cells containing a null-allele of SNR11 were de- and the adjacent upstream nucleotide (Figure 4). The
results showed that variation of the upstream nucleotidetermined to grow as well as wild-type cells, indicating
that snR11 RNA is not essential for viability. A secondary did not affect accumulation.The downstream nucleotide
is presumed to be nonessential too, since the down-structure model for snR11 (Figure 2) was developed by
computer folding and nuclease probing analyses (details stream deletions created a U–G substitution without af-
fecting accumulation. In contrast, both adenosines inprovided below).
Using PCR–mediated mutagenesis, a series of muta- the ACA sequence are essential; neither could besubsti-
tuted with any other nucleotide. The cytidine in the mid-tions was created in a plasmid-encoded SNR11 gene.
These included deletions of, first, the ACA triplet; sec- dle position is less crucial. A and U both functioned in
this position, though a bit less efficiently; however, G atond, the 11 nt sequence immediately upstream of ACA;
third, the 11 nt sequence downstream of ACA; and this position blocked RNA accumulation. These results
correlate well with the fact that some yeast snoRNAsfourth, all yeast DNA downstream of ACA, resulting in
the ACA box fused to the plasmid DNA. RNA blots were contain AUA orAAA, butnot AGA in the ACAbox position
(Table 1). These point mutation results establish theACAprobed for snR11, with a second snoRNA (snR13) serv-
ing as an internal control. Deletion of the ACA box triplet as a vital sequence element.
blocked accumulation of snR11 (Figure 3, lane 5). Accu-
mulation was not affected by loss of either downstream Secondary Structure of snR11 and Other ACA RNAs
The fixed location of the ACA box strongly suggestssegment (Figure 3, lanes 6 and 7);however, the upstream
deletion of 11 nt abolished accumulation (Figure 3, lane that it is involved in 39 end formation. The results of the
up- and downstream deletions support the view that4). This last finding, as well as the frequent occurrence
of ACA triplets, suggests that the ACA box itself is only upstream information assures that the correct ACA trip-
let is selected. Examination of the various ACA snoRNApartially responsible for the accumulation function and
Cell
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Figure 5. Effects of Deletions and Substitu-
tions in the 39 Structural Domain on snR11
Accumulation
Analysis (right) was carried out in an snr11
haploid strain as described in Figure 3. The
strain was transformed by the following plas-
mids: lane 1, pRS316 cloning vector; lane 2,
a plasmid with wild-type SNR11 gene; lanes
3–10, plasmids with deletions (D) and substi-
tutions (S) in the SNR11 gene. The locations
of the mutations within the 39 domain of
snR11 are shown schematically on the left.
The ACA box is indicated in bold type. Nucle-
otides were substituted as follows: A for U,
C for G, G for C, and U for A. S3/S5 is a double
substitution.
sequences revealed a preponderance of G and C nucle- almost completely base-paired, sometimes with just the
otides immediately upstream of the ACA box, sug- first or second nucleotides being unpaired. Taken to-
gesting that specificity might be provided by a second- gether, the modeling results suggest that the ACA box
ary structure motif. resides in a single-stranded segment and that upstream
Secondary structure models of snR11 were developed helical segments help select the correct ACA triplet.
by a computer folding algorithm and then compared
with data derived from nuclease probing assays. Based
The 39 Stem Structure Is Importanton the experimental data, one of the suboptimal com-
for SnR11 Accumulationputer-generated structures was modified and adopted
We next asked if the organization of the 39 region of(see Figure 2). Multiple cleavages by RNase T2 and
snR11 is important, in particular the 8 nt single-strandednuclease S1 are seen at the 59 end (positions 1–18)
tail and helical stem V. One or both of the nucleotidesand in the middle of the molecule (positions 168–188),
indicating that these regions are single-stranded, as op- in the single-stranded region upstream of the ACA triplet
posed to being in hairpin structures as predicted in com- were deleted (Figure 5; D1, D2), and a series of five
puter models. The secondary structure also includes substitutions were made within the tail and the adjacent
five double-stranded segments, four of which (II, III, IV, stem V (Figure 5; S1–S5). Removal of the nucleotide just
and V; see Figure 2) are topped with hairpin structures. 59 of the ACA (D1) had little effect on snR11 accumula-
The ACA box is located within an 8 nt single-stranded tion, whereas removal of both upstream nucleotides re-
tail. sulted in a dramatic decrease in accumulation (Figure
The folding potential of a model precursor with an 5, lanes 3 and 4). In contrast, substitution of the same
extended 39 tail was also analyzed experimentally. This two nucleotides did not affect accumulation significantly
transcript contained the snR11 sequence followed by (Figure 5, lane 5). These results indicate that the distance
70 nt from the sequence that naturally follows the coding of the ACA box from the upstream helix is important.
segment. Nuclease probing data for this molecule Loss of theG–C pair at thebase of stem V (substitution
showed that folding of the snR11 sequence was identi- S2), had a very strong effect on accumulation, whereas
cal to that of the mature form (data not shown). Interest- loss of three base pairs in the middle of the lower seg-
ingly, the 39 tail is largely single-stranded, consistent ment of stem V (substitution S3), unexpectedly had little
with the high A 1 U content in this region. This finding, effect (Figure 5, lanes 6 and 7). Consistent with expecta-
together with the results of the deletion analysis, indi- tions, however, substitution of the 59 side of the same
cates that the inner secondary structure core has a criti-
segment (S5) had a strong deleterious effect (Figure 5,
cal role for 39 end processing and stability of the RNA.
lane 9). Accumulation was completely restored when
With a view to identifying additional structure motifs
both substitutions (S3 and S5) were combined to restorethat function with the ACA box, secondary structure
base pairing of the stem (Figure 5, lane 10). Replacementmodels were generated by computer analysis for the
of two nucleotides in an internal loop and one nucleotideremaining 19 yeast ACA snoRNAs and for several vari-
in the double-stranded segment of stem V had no effectants of three vertebrate ACA RNAs (U17, E2, and E3).
on accumulation (substitution S4; Figure 5, lane 8). TheIn at least one of the alternative structures obtained for
inconsistent effect observed for stem substitution S3 iseach RNA, the ACA box was located within a short sin-
presumed to reflect an alternative folding scheme thatgle-stranded tail, as for snR11. Although the number
preserves the activity of the ACA box.of stems varied substantially, most of the structures
From the functional mapping results, we concludeobtained, like that of snR11, consisted of two highly
that snR11 accumulation depends on the integrity ofstructured domains joined by a single-stranded “hinge”
the 39 proximal stem (stem V) and the position of theregion. An interesting difference was observed for
ACA at an optimal distance from this stem. While thecapped and uncapped ACA RNAs. In the case of the
integrity of the stem is essential, its nucleotide composi-TMG-capped species, relatively long 59 stretches of un-
tion is not. Similarly, the composition of the single-paired nucleotides were often found to precede an ex-
stranded segment upstream of the ACA box also ap-tensively folded secondary structure domain. In con-
trast, the 59 sequences of the uncapped RNAs were pears to be unimportant.
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The “ACA-Plus-Three” Rule
To gain additional insight into the fidelity and precision
of 39 processing, we analyzed the 39 ends of wild-type
snR11 and 10 deletion and substitution mutant variants
described earlier, all plasmid-encoded. The ligase-
mediated PCR–based technique was used (see Experi-
mental Procedures). The mutants analyzed included two
large downstream deletions, which yielded different se-
quences following the ACA. A large internal deletion
(A66–U125) was also analyzed, as well as a single base
mutation C to U in front of the ACA and a deletion (D1)
that lacks the same nucleotide. RNAs with AAA and
AUA in place of the ACA box were also tested. Finally,
substitutions S3, S4, and S3/S5 (Figure 5), which replace
parts of the adjacent stem V, were also analyzed. In all
cases, the 39 end of the snR11 RNA was located exactly
3 nt downstream of the ACA box, with no evidence of 39
heterogeneity. Precise end formation was also observed
for the AAA and AUA variants. We consider this result
firm evidence that the ACA box directs 39 end formation
in a strict way and that 39 end formation for RNAs in the
ACA family is governed by what we call the “ACA-Plus-
Three” Rule.
Yeast ACA snoRNAs Exist as RNPs with At Least
One Common Protein
The conserved nature of the ACA box and its location
within a single-stranded sequence suggests that it is a
protein recognition signal. No protein specific for verte-
brate ACA snoRNAs has yet been identified. However,
three members of the yeast ACA family (snR10, snR30,
and snR31) have been shown to be associated with
an essential nucleolar protein, a glycine/arginine–rich
protein designated GAR1 (Girard et al., 1992; Dandekar
and Tollervey, 1993). We asked if GAR1 might be com-
mon to all ACA snoRNP complexes and, also, how fibril-
larin association correlated with the presence of box
C/D and ACA elements in snoRNAs. The patterns of
snoRNAs precipitated by antibodies specific for these
proteins are shown in Figure 6.
Figure 6. Yeast snoRNAs Associated with the Nucleolar GAR1 andThe results suggest that all members of theACA family
Fibrillarin Proteins
are associated with GAR1 and that this protein is only
snoRNAs were precipitated from nuclear extracts with antibodies
associated with ACA snoRNAs; most of the ACA RNAs specific to GAR1 (lane 2) and fibrillarin (lane 4). The analysis was
are evident in the sample shown (Figure 6, lane 2). The performed in a buffer containing 50 mM Tris–HCl (pH 7.6), 250 mM
box C/D RNAs detected in the same sample are due to NaCl, 2 mM MgCl2, 0.05% NP-40, 10 mM vanadyl ribonucleoside
complex. The antibodies had been previously immobilized on Pro-nonspecific precipitation, as all of these species are
tein A agarose. The RNAs were labeled with [59-32P]pCp prior topresent with the same relative abundance in a no-anti-
electrophoresis in an 8% gel. The material in control lanes 1 and 3
body control sample (Figure 6, lane 1). The amount of represents nonspecific binding of RNA to agarose beads in the
GAR1 antibody appeared to be too low to saturate the absence of antibodies. Total RNA from nuclear extract and preex-
Protein A agarose beads used in the immunoprecipita- tracted nuclei are shown in lanes 5 and 6, respectively.
tion reaction, resulting in a low relative yield of GAR1–
associated snoRNAs and a background of box C/D
RNAs. The results obtained with the fibrillarin antibodies Discussion
suggest that all of the snoRNAs except MRP are associ-
ated with fibrillarin, as previously suspected (Figure 6, Classification of snoRNAs
lane 4; Schimmang et al., 1989). snoRNAs with boxes The results demonstrate that the populations of sno-
C and D dominate in the fibrillarin immunoprecipitates, RNAs in yeast and vertebrates are represented by two
(especially snR190, snR13, and U18), consistent with major classes of RNAs, with one RNA as a sole excep-
the fibrillarin association patterns observed with verte- tion. The first class is defined by the presence of boxes
C and D and the second by the ACA box described herebrates.
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Table 2. Classification of snoRNAs
snoRNAs
Box elements Yeast Vertebrates
C/D U3, U14, U18, U24 U3, U8, U13, U14, U15,
snR4, snR13, snR38, snR39, snR39b, U16, U18, U20, U21, U22,
snR40, snR41, snR45, snR47, snR48, U24, U25–U61
snR190
ACA snR3, snR5, snR8, snR9, snR10, U17/E1, E2, E3, U19, U23
snR11, snR30, snR31, snR32, snR33,
snR34, snR35, snR36, snR37, snR42,
snR43, snR44, snR46, snR49, snR189
? MRP MRP
snoRNAs in bold type are conserved in yeast and vertebrates. Sequences for yeast snR4 (corrected), snR45, and snR47, all box C/D snoRNAs,
have been deposited in the GenBank database under the accession numbers U57010, U56646, and U56648, respectively. Results for yeast
snR39b are from Nicoloso et al. (1996), and for snR48 are unpublished A. G. B. and J. Ni). U24 has been reported by Qu et al. (1995), and the
vertebrate U25–U61 species by Kiss-La´szlo´ et al. (1996); Nicoloso et al. (1996), and Tycowski et al. (1996). GenBank accession numbers or
references for all ACA snoRNAs are given in Table 1. Primary literature citations for other snoRNAs included are given in a recent review by
Maxwell and Fournier (1995).
(Table 2). All known snoRNAs fall into one or the other contrast, more open secondary structures are predicted
for many box C/D RNAs examined; this property wasclass, except for the MRP species. The MRP species
shares many structural similarities with the ribozyme experimentally demonstrated for yeast U14 (Balakin et
al., 1994). Finally, the view that the two major snoRNARNase P but does not contain any of the sequence
elements conserved among othersnoRNAs, inparticular families arose by different schemes and may be involved
in different biochemical reactions is supported by thethe ACA box or boxes C and D. New species that do
not belong to either the box C/D or ACA box families patterns of protein association.
may be revealed, but it seems likely that the number
will be small, given the substantial number of snoRNAs snoRNP Composition: Fibrillarin
and GAR1 Complexesalready characterized.
It seems plausible that the two distinct families of Fibrillarin is a conserved nucleolar protein commonly
associated with snoRNAs possessing boxes C and DsnoRNAs carry out different functions and that these
functions are distinct from the predicted catalytic role of (Maxwell and Fournier, 1995). No ACA snoRNA from
vertebrates has been reported to be associated withthe MRP species. Alternatively, there could be common
functions, and the family distinction might simply reflect fibrillarin. However, experiments with yeast repeatedly
indicate that almost all snoRNAs are associated withdifferent evolutionary origins and biosynthetic path-
ways. The box C/D RNAs are already known to be func- fibrillarin in some fashion (Schimmang et al., 1989), with
MRP RNA as a clear exception (Venema and Tollervey,tionally heterogeneous, with most species involved in
rRNA methylation and others (U3, U8, and U14) playing 1995; A. G. B., unpublished data). Fibrillarin is not known
to bind directly to any snoRNA, even those with boxesroles in processing; of the yeast RNAs examined, only
U3 and U14 are essential (Maxwell and Fournier, 1995; C and D (Lu¨bben et al., 1993). At present, the differences
in fibrillarin association between mammalian and yeastKiss-La´szlo´ et al., 1996; Nicoloso et al., 1996; J. Ni,
A. G. B., and M. J. F., unpublished data). The only essen- snoRNAs cannot be explained.
The GAR1 protein shown here to be a common ACAtial yeast ACA RNA, snR30, is required for rRNA pro-
cessing. Loss of snR30 disrupts processing of 18S RNA snoRNP component seems a good candidate to be an
RNA binding protein. It remains bound to yeast snR30with thesame effect as lossof U3 or U14.This phenotype
could have a similar or different basis. Some vertebrate even at high salt concentrations (Lu¨bben et al., 1995).
Another protein that may be common to the yeast ACAACA snoRNAs have been reported to have complemen-
tarities with rRNAs (U17XS8, Cecconi et al., 1994; U19, snoRNAs is SSB1, which was found previously to be
associated with snR10, snR11, and a number of otherKiss et al., 1996). However, the complementarities are
either shorter (less than 12 consecutive nt; U19) or are RNAs of an average length of 200 nt (Clark et al., 1991).
Though GAR1 appears to be specific to the ACA sno-not conserved between species and have sequence
variation in the same organism (U17XS8). Thus, unlike the RNAs, it remains to be determined if it binds to the ACA
box or another yet-to-be-defined motif. It will also bebox C/D RNAs, the presence of long segments comple-
mentary to rRNA is not a common feature of the ACA interesting to learn if GAR1 is conserved in vertebrates
and is associated with the ACA snoRNAs in these organ-snoRNAs.
Another distinction between the ACA and box C/D isms, too.
RNAs is suggested by comparison of secondary struc-
tures. Computer simulations predict that the ACA sno- Functions of the snoRNA Box Elements
The ACA box is functionally similar to boxes C and D inRNAs have compact secondary structures (Cecconi et
al., 1994; Kiss et al., 1996; this study); this was demon- that it is required for snoRNA accumulation. Like boxes
C and D, the ACA box may also be involved in otherstrated here experimentally for yeast snR11 and by oth-
ers for the vertebrate U19 species (Kiss et al., 1996). In events important for snoRNA/snoRNP maturation and
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function. The most logical explanation for the mutation
effects observed for the ACA and box C/D elements is
that these elements are binding sites for specific pro-
teins and that binding of these proteins to nascent RNAs
serves as an entry point to their posttranscriptional life.
Subsequent events such as end maturation, hypermeth-
ylation, snoRNP assembly, nucleolar localization, and
even function of the mature snoRNP might all depend
on binding of box-specific proteins. If this postulate is
correct, then the precise function of these box motifs
could simply be binding of these key proteins.
A Model for Posttranscriptional Processing
of ACA snoRNAs
A variety of experimental results suggest that exo-
nucleolytic activities are largely responsible for the mat-
uration of snoRNAs in both the box C/D and ACA fami- Figure 7. Model of Posttranscriptional Processing of ACA snoRNAs
lies. Data for ACA RNAs are available for two vertebrate The shaded circle superimposed on the snoRNA precursor symbol-
snoRNAs, U17 and U19. Both are intron-encoded, and izes an RNA binding protein. This protein is postulated to interact
with the ACA box, whose functional significance has been estab-both are known to be synthesized by exonucleolytic
lished experimentally, and an additional hypotheticalelement (ques-processing of an excised intron (Kiss and Filipowicz,
tion mark). 59 and 39 folded snoRNA domains, schematically de-1993; Kiss et al., 1996). Protein binding to boxes C and
picted here as two hairpins, are presumed to play an active role in
D has been postulated to protect the RNA from over- maintaining the box elements in proper conformation and also to
digestion by 59 and 39 exonucleases (Balakin et al., 1994; interact directly with the protein. Progression of 59 and 39 exonucleo-
Watkins et al., 1996). In the same context, a protein that lytic processing enzymes into the snoRNA sequence is blocked by
the protein itself or by the secondary structure element or elementsbinds to the ACA box could also be a 39 “guard” for
stabilized by the bound protein, or both.these RNAs. If so, this immediately raises the question
of what protects the 59 end. Capped ACA snoRNAs can
probably bypass such a requirement, but a different the proposition that 39 end formation involves exo-
nucleolytic activity. Any strong secondary structure ele-solution is required for the uncapped species, including
the intron-encoded snoRNAs. Our computer modeling ment within the segment to be removed would inhibit
exonuclease action.of secondary structures suggests that a 59 stem could
provide this function. Capped snoRNAs often begin with
a long single-stranded segment, whereas uncapped The RNA World and the Cell Nucleolus
The “RNA world” paradigm suggests that modern formssnoRNAs always begin with a 59 stem, with only a few
or no unpaired 59 terminal nucleotides. Experimental of life evolved from self-replicating systems in which
virtually all key roles were played by RNA. The conceptdata support the presence of such a 59 stem in one of
the vertebrate intron–encoded ACA snoRNAs, U19 (Kiss also implies that relics of that ancient world can be found
today in one form or another. The discovery that theet al., 1996).
Another sequence element may act in concert with snoRNAs exist in two large families, along with one
unique species, argues that snoRNAs have differentthe ACA box to define a recognition motif. If so, we
suggest that this element is located between the 59 and evolutionary origins. The presence of two distinct major
families implies that all members of these families are39 secondary structure domains within a single-stranded
region (Figure 2) that seems universal to all ACA sno- derived from a small number of different ancestor mole-
cules. While all family members appear to be producedRNAs. Sequence comparisons for different ACA box
RNAs showed that more than half contained an AGA by the same biosynthetic scheme, each family could be
functionally heterogeneous, at least at the mechanistictriplet just downstream from the folded domain at the
59 end. As with the ACA box, some sequence variation level, creating the diversity needed by the present-day
nucleolus.could also occur within this candidate recognition ele-
ment, making it difficult to define in all snoRNAs at this
Experimental Procedurestime.
Based on these considerations, we propose that pro-
General Methodscessing of the ACA RNAs involves binding of protein
Standard manipulations of Escherichia coli, S. cerevisiae, proteins,
or proteins to the conserved ACA and possibly other and nucleic acids were performed essentially as described by Sam-
sequence elements, in concert with the 39 and 59 stems brook et al. (1989), Ausubelet al. (1994), and Harlowand Lane (1988).
Yeast DNA transformations were carried out using a lithium acetate(Figure 7). Bound protein might then block progression
procedure (Gietz et al., 1992). Conditions for Northern hybridizationof exonucleolytic nucleases, as proposed for the box
have been described previously (Balakin et al., 1994; Samarsky etC/D snoRNAs. Uncapped snoRNAs are anticipated to
al., 1995).be trimmed up to the 59 stem, while capped snoRNAs
would have sequences of variable length in front of the Preparation of Nuclei and Immunoprecipitation of snoRNAs
stem. Our observation that a longer 39 tail of a putative Spheroplasts were prepared from yeast BJ2407 cells (leu2/leu2,
trp1/trp1, ura3–52/ura3–52, prb1/prb1, gal2/gal2; Zubenko et al.,precursor to snR11 is single-stranded is consistent with
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1980) using lyticase (Aris and Blobel, 1991) and were lysed in a kb and 1.8 kb fragments, respectively. Sequences for the SNR42,
SNR43, and SNR44 genes were extracted from GenBank using ourbuffer containing 25 mM Na•HEPES (pH 7.6), 5 mM magnesium
RNA sequence data. Longer sequences including SNR11, SNR13,acetate, 0.25 M sucrose, 0.1% NP-40, and 10 mM RNase inhibitor,
SNR37, and SNR45 genes became available from the GenBankdata-vanadyl ribonucleoside complex. Nuclei were purified by centrifuga-
bases when our study was completed; no discrepancies were foundtion through a sucrose cushion containing 25 mM Na•HEPES (pH
with the sequences (SNR11, SNR13, SNR37) previously deposited7.6), 5 mM magnesium acetate, and 0.5 M sucrose (Wise, 1991).
by us in the same database.Purified nuclei were sonicated with a Branson microtip in one of the
immunoprecipitation (IP) buffers: 50 mM Tris•HCl (pH 7.6), 2 mM
Disruption of the SNR11 Gene and Its ExpressionMgCl2, 0.05% NP-40, 10 mM vanadyl ribonucleoside complex, with
from a Plasmid250 mM NaCl. Insoluble material was pelleted (10,000 g; 5 min), and
Diploid yeast strain MH2 (a/a, ade2–101/ade2–101, leu2–3,112/leu2–the supernatants (nuclear extracts) were used directly in immuno-
3,112, trp1-D901/trp1-D901, ura3–52/ura3–52, his3/his3; M. Fitzger-precipitations with anti–GAR1 and antifibrillarin antibodies. The pel-
ald-Hayes, unpublished data) and its a-type haploid derivativelet (“extracted nuclei”) was treated with proteinase K, and RNA was
YS601, made by D. Samarsky in our laboratory, were used for allextracted with phenol and SDS. This RNA was resuspended in IP-
genetic manipulations. The nonessentiality of the SNR11 gene was700 buffer (as above, but with 700 mM NaCl) and used for TMG cap
established by tetrad dissection of an MH2-based diploid strain inanalysis with specific antibodies. Antibodies immobilized on Protein
which one of the SNR11 alleles had the LEU2 marker inserted intoA agarose beads were incubated with extracts or with RNA in IP
a ScaI site unique to the SNR11 coding sequence. A YS601-basedbuffers indicated above for each antibody. Immune complexes col-
haploid strain lacking the entire SNR11 coding sequence (snr11lected on agarose beads were washed several times with the 250
null mutant strain) was constructed as follows. Sequences flankingmM IP buffer and treated with proteinase K and phenol-SDS ex-
SNR11 were amplified in two PCRs. pUC18 carrying the 2 kb SNR11tracted to release RNA. RNA was labeled with [59-32P]pCp according
HindIII fragment was used as template. In two separate PCR mix-to our protocol (Balakin et al., 1994) and separated in an 8% poly-
tures, two M13 standard sequencing primers were each combinedacrylamide gel. Rabbit R1131 anti-TMG antibodies were provided
with one of two other oligonucleotides containing the following se-
by R. Lu¨hrmann, an antifibrillarin monoclonal antibody (17C12) by
quences: one sequence corresponding to a BamHI site and another
K. M. Pollard and E. M. Tan, and rabbit anti–GAR1 antibodies (Eppa to either the 59 or 39 SNR11 flanking sequence. The PCR products
and IP-140), by M. Caizergues-Ferrer. The GAR1 immunoprecipita- were digested with HindIII and BamHI, and the two fragments were
tion results shown were obtained with a mixture of antisera, because ligated into a HindIII-cut pUC18 derivative lacking the BamHI site.
of limiting amounts; similar patterns were also obtained with a single This three-part ligation resulted in a plasmid containing the SNR11
antibody preparation. 59 and 39 flanking sequences joined by a BamHI site. The LEU2
gene was inserted into the BamHI site of the new plasmid in the
Isolation and Sequencing of snoRNAs same orientation as the original SNR11 gene. A HindIII digest of this
Nuclei washed with lysis buffer after passage through a sucrose plasmid was used to transform haploid cells.
cushion or preextracted as above were treated with proteinase K Plasmid pAB27 containing the wild-type SNR11 allele was made
at 508C and phenol-SDS extracted at 658C to release the RNA. by inserting the 673 bp EcoRV–HindIII SNR11 fragment into shuttle
All RNA separations were performed on 8% polyacrylamide gels. vector pRS316 (contains a URA3 marker) between the SmaI and
Abundant snoRNAs migrating as distinct bands were purified by HindIII sites. The snr11 null mutant strain was transformed with
one round of electrophoresis. For most others, two rounds were pAB27. Transformants were selected and grown on medium lacking
required; fractions of RNAs extracted from the first gel were sub- uracil. Expression of SNR11 RNA was assessed by Northern analy-
sis. 32P-labeled hybridization probes specific to snR11 and snR13jected to high resolution separation on a second gel. Electrophoresis
were prepared by randomly primed DNA synthesis on gel-purifiedon a 40 cm long sequencing gel was the final step, with a running
fragments: 673 EcoRV–HindIII bp (SNR11) and 865 bp HindIIItime of 3–6 hr at 2 kV. RNAs were 39 end-labeled with [59-32P]pCp
(SNR13).prior to the final gel purification. RNA was eluted from gel slices
with 0.5 M ammonium acetate, 10 mM magnesium acetate, 0.1%
Mutagenesis of the SNR11 Gene and Analysis of MutationsSDS, and 1 mM Na2EDTA. The 39 segments of the individual RNAs
Large internal deletions in the SNR11 gene were created as follows.were sequenced directly, either enzymatically (Pharmacia RNA Se-
The EcoRV–HindIII fragment inserted into pAB27 was amplified byquencing Kit) or chemically (Peattie, 1979). Full sequences were
PCR using standard M13 sequencing primers. Portions of the prod-then obtained through primer extension with reverse transcriptase.
uct were digested with restriction enzymes (TaqI, ScaI, or BstYI)Two approaches were used: direct dideoxy sequencing of RNA
cutting inside the gene. Protruding ends were filled in with Klenow(for conditions, see Balakin et al. [1994]) and ligase-mediated PCR
enzyme. Polylinker fragments joined to the 59 and 39 fragments wereamplification of cDNA (Kiss and Filipowicz, 1993). The second ap-
cut with BamHI and HindIII, respectively. Different combinations ofproach allowed determination of the 59 terminal nucleotide. A similar
the 59 and 39 fragments were inserted into pRS316 between thePCR–based approach applied to RNA was used to determine the
BamHI and HindIII sites. In order to delete the 39 flanking region of39 ends of RNAs, including the terminal nucleotide (for original proto-
the SNR11 gene, a PCR primer of the following composition wascol, see Kiss and Filipowicz [1993]; for our modification, Balakin et
designed: 59-TATAT followed by the sequence for the EcoRV siteal. [1993]). The method involves ligating (with T4 RNA ligase) a DNA
fused to the sequence complementary to positions 256–235 of theoligonucleotide to the 39 end of an RNA and using a reverse tran-
SNR11 coding strand. This oligonucleotide, combined with the M13scription reaction, which is followed by PCR amplification of the
direct primer, was used to PCR–amplify the pAB27 segment com-cDNA. Gel-purified PCR products are subjected to direct se-
posed of the SNR11 59 flanking and SNR11 coding sequences. Thequencing.
PCR fragment was digested with BamHI and EcoRV and inserted
into pRS316 between BamHI and SmaI sites. Local substitutions
Cloning of Novel snoRNA Genes and deletions were generated by a PCR–based approach using
Genes coding snR11, snR13, and snR37 were cloned from sub- pAB27 as a template (Chen and Przybyla, 1994). PCR fragments
tracted genomic libraries and sequenced essentially as described were subcloned into pRS316 as for the large internal deletions, and
previously for other snoRNA genes (Samarsky et al., 1995). The the mutations were verified by sequencing the plasmids. Expression
libraries were screened with antisense T7 transcripts to obtain the of the plasmids containing the various mutant genes was tested by
following fragments: 2.1 kb HindIII (SNR11), 2 kb PstI (SNR13), and Northern analysis as described in the previous section. The 39 termi-
5.5 kb BamHI (SNR37). Smaller fragments were obtained from these nal sequences of several mutant RNAs were precisely determined
to yield 673 bp EcoRV–HindIII (SNR11), 865 bp HindIII (SNR13), and by the PCR–based method identified above.
1107 bp EcoRI (SNR37) fragments, and each of these was fully
sequenced. Flanking sequences for snoRNA genes encoding snR45 Nuclease Probing of snR11 Secondary Structure
and snR46 were obtained by inverse PCR (Ochman et al., 1989), Natural snR11 RNA labeled at the 39 end with [59-32P]pCp was ob-
using information about their coding segments derived from RNA tained as described above for the preparation and labeling of abun-
dant snoRNAs. T7 transcripts mimicking either mature snR11 or itssequencing. The PCR products were cloned in plasmids as 3.3
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precursor were prepared and labeled as follows. First, templates 12 nt complementarity to 18S rRNA and coded by a sequence re-
peated in the six introns of Xenopus laevis ribosomal protein S8for T7 transcription were synthesized by PCR. A primer contain-
ing the sequence for a T7 promoter was composed of the block gene. Nucl. Acids Res. 22, 732–741.
59-GGTAATACGACTCACTATA joined to the 27 nt sequence corre- Chen, B., and Przybyla, A.E. (1994). An efficient site-directed muta-
sponding to the very beginning of the SNR11 gene, with the first A genesis method based on PCR. Biotechniques 17, 657–659.
substituted by G to achieve efficient transcription. This T7 primer
Chu, S., Archer, R.H., Zengel, J.M., and Lindahl, L. (1994). The RNAwas used in combination with either the primer described in the
of RNase MRP is required for normal processing of ribosomal RNA.previous section (the EcoRV oligonucleotide used to delete the 39
Proc. Natl. Acad. Sci. USA 91, 659–663.flanking sequence) or the M13 reverse primer for PCR with pAB27
as a template. The PCR products were digested with EcoRV or Clark, M.W., Yip, M.L.R., Campbell, J., and Abelson, J. (1991). SSB-1
HindIII to obtain templates for in vitro synthesis of snR11 or the of the yeast Saccharomyces cerevisiae is a nucleolar-specific silver-
precursor, respectively. In vitro synthesized RNAs were 59 end- binding protein that is associated with the snR10 and snR11 small
labeled with [g-32P]ATP and gel-purified. Reactions (10 ml) with nuclear RNAs. J. Cell Biol. 111, 1741–1751.
RNases T1 and T2 were performed in 20 mM Tris•HCl (pH 7.6), 100 Dandekar, T., and Tollervey, D. (1993). Identification and functional
mM NaCl, 2 mM MgCl2, and 500 mg/ml carrier E. coli tRNA; reactions analysis of a novel yeast small nucleolar RNA. Nucl. Acids Res. 21,
with nuclease S1, in 40 mM sodium acetate (pH 5), 60 mM NaCl, 2 5386–5390.
mM MgCl2, 0.1 mM ZnCl2, and 500 mg/ml carrier E. coli tRNA. Prior
Eichler, D., and Craig, N. (1994). Processing of eukaryotic ribosomalto enzymatic probing, the RNAs were incubated in the appropriate
RNA. Prog. Nucl. Acids Res. Mol. Biol. 49, 197–239.buffer for 10 min at 428C and then for 10 min at room temperature.
Enzymes were then added and incubations carried out at room Forster, A.C., and Altman, S. (1991). Similar cage-shaped structure
temperature for 10 min. Optimal enzyme/substrate ratios were es- for the RNA components of all ribonuclease P and ribonuclease
tablished from trial reactions with different dilutions of enzyme. Re- MRP enzymes. Cell 62, 407–409.
actions were stopped by adding ice-cold 300 mM sodium acetate Gietz, D., Jean, A.S., Woods, R.A., and Schiestl, R.H. (1992). Im-
(pH 5), followed by phenol-chloroform extraction. RNA digestion proved method for high efficiency transformation of intact yeast
patterns were analyzed by gel electrophoresis. cells. Nucl. Acids Res. 20, 1425.
Girard, J.P., Lehtonen, H., Caizergues-Ferrer, M., Amalric, F., Toller-Computer Work
vey, D, and Lapeyre, B. (1992). GAR1 is an essential small nucleolarAnalyses of RNA and DNA sequences were performed as described
RNP protein required for pre-rRNA processing in yeast Saccharo-in the Program Manual for the Wisconsin Package, Version 8 (Genet-
myces cerevisiae. EMBO J. 11, 673–682.ics Computer Group, Inc.). Programs from this package (FOLDRNA
and MFOLD) were used to generate RNA secondary structures. Gold, H.A., Craft, J., Hardin, J.A., Bartkiewicz, M., and Altman, S.
(1988). Antibodies in human serum that precipitate ribonuclease P.
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